The apparent diffusion coefficients of tris(2,2′-bipyridyl)ruthenium ([Ru(bpy3)] 2+ ) are estimated in silica-nanochannels which are assembled inside columnar alumina pores in an anodic alumina membrane, and are modified with alkylsilanes such as trimethylchlorosilane (C1), butyldimethylchlorosilane (C4), and dodecyldimethylchlorosilane (C12). The estimation is performed by observing the lag-time, which is defined as the time required for [Ru(bpy)3] 2+ to diffuse through alkylsilane-modified silica-nanochannels in the alumina membrane. When ethanol is used as a solvent, the apparent diffusion coefficients of [Ru(bpy)3] 2+ are estimated as 2.1 × 10 -10 and 3.2 × 10 -10 cm 2 s -1 in the C1-and C4-modified silica-nanochannels, respectively. These values are about 10 4 times smaller than that obtained in bulk ethanol. Based on the experimental results on the solvent dependency of the lag-time, the hydrogen-bonding interaction between ethanol molecules is considered to be stronger in the C1-and C4-modified silica-nanochannels than in bulk ethanol, and the hydrogen-bonding interaction plays a critical role for the slow diffusivity in those nanochannels. In contrast, the apparent diffusion coefficient in the C12-modified silica-nanochannel is at least two orders of magnitude larger than those in the C1-and C4-modified silica-nanochannels. This relatively fast diffusion is most likely explained by the presence of a long alkyl chain of C12, which reduces a hindrance effect that is originates in the hydrogen-bonding interaction.
Introduction
Recent progress in the fabrication of nanopore membranes allows the use of nanopores with a uniform diameter of molecular dimensions as a nanofluidic system. Several strategies have been pursued to synthesize nanopore membranes; these include the deposition of gold or carbon nanotubules within pores of porous membranes;
1-3 formation of a metallic nanohole array by a two-step replication of the honeycomb structure of an anodic alumina membrane; 4 formation of a mesoporous silica film on a solid substrate by a surfactant-templated method;
5 and the formation of surfactanttemplated mesoporous silica within pores of a porous membrane. [6] [7] [8] A nanopore membrane composed of gold or carbon nanotubules has been applied to the fields of separation science 1,2 and synthesis of nanostructures. 3, 4 Mesoporous silica films and membranes have been applied to sensor devices, 9 separation of molecules, 7, 10 and also synthesis of nanostructures. 11 For the application of a nanopore membrane to a nanofluidic system, the diffusion mechanism of molecules inside the nanopores is an important subject to investigate. In particular, determination of a diffusion coefficient is a necessity for any general discussion of the diffusion mechanism. The apparent diffusion coefficient of a molecule within the nanopore membrane has been reported by several research groups.
1, [12] [13] [14] Martin and co-workers 1, 12 have studied the diffusivity inside nanopores by observing the mass transport across nanopore membranes. In their studies, they estimated the apparent diffusion coefficients of phenol derivatives in columnar alumina pores modified with octadecyltrimethoxysilane; the order of the estimated values was 10 -8 to 10 -6 cm 2 s -1 . 12 For the alumina membrane system, the diffusion coefficients of metal cations (10 -7 to 10 -6 cm 2 s -1 ) in unmodified alumina pores were reported and the surface effect on the diffusion behavior was discussed. 13 Fu et al. 14 applied single-molecule fluorescence correlation spectroscopy to estimate an apparent diffusion coefficient of Nile Red in a surfactant-templated mesoporous silica thin film, and found that the diffusion coefficient was very small (∼10 -10 cm 2 s -1 ). These reported diffusion coefficients in nanopores are smaller than those in the bulk solution phase (∼10 -6 cm 2 s -1 ), and this slow diffusivity has sometimes been ascribed to the adsorption of molecules at the inner wall of a nanopore. 13, 14 In contrast, the purpose of this study is to examine the effects of solvents and the type of alkylsilanes in nanopores on the diffusion process.
Recently, we developed a method to synthesize surfactanttemplated mesoporous silica within columnar pores in an anodic alumina membrane. 7 The porous anodic alumina membrane has a packed array of columnar pores with hundreds of nanometers in diameter, and the direction of the columnar pores is perpendicular to the membrane surface. When a precursor solution, containing cetyltrimethylammonium bromide (CTAB) as a surfactant and tetraethoxysilane (TEOS) as a silica source, is introduced into the columnar alumina pores, surfactant-silica nanochannels with a uniform channel diameter of 3.4 nm are assembled inside the columnar alumina pores and the channel direction is predominantly oriented along the alumina wall as shown in Fig. 1 . We call the alumina membrane with assemblies composed of perpendicularly oriented silicasurfactant nanochannels as a nanochannels-incorporated alumina membrane (NAM). As shown previously in a study demonstrating the size-selective transport of an organic dye and biological compounds across the NAM, the NAM allows mass transport through the nanochannels within it. 7 Herein, we demonstrate an estimation of the apparent diffusion coefficient of a molecule, [Ru(bpy)3] 2+ , inside the silica-nanochannels by measuring the mass transport across the NAM. In the kinetics of mass transport across a membrane, the apparent diffusion coefficient can be estimated from the lagtime, which is defined as the time required for a molecule to diffuse through the membrane. The relationship between the apparent diffusion coefficient (Dapp/cm 2 s -1 ) and the lag-time (tlag/s) is expressed as follows: 15, 16 
where Dlag (cm 2 s -1 ), θ, and L (cm) are the diffusion coefficient obtained from the lag-time, the porosity of the membrane, and the membrane thickness, respectively. In this study, we first characterized the inner walls of the silica-nanochannels modified with alkylsilanes. Next, the porosity of the NAM and the length of the silica-nanochannels were estimated. Finally, the apparent diffusion coefficient of [Ru(bpy)3] 2+ was estimated by a measurement of the lag-time.
The inner walls of the silica-nanochannels within the NAM were modified with trimethylchlorosilane (C1), butyldimethylchlorosilane (C4), and dodecyldimethylchlorosilane (C12). Since the radius of the silica-nanochannel (ca. 1.7 nm) was comparable to the length of the alkyl chain of C12 as schematically illustrated in Fig. 1(b 2+ is discussed in terms of the size and the surface density of the alkylsilane and the intermolecular interaction between solvent molecules.
Experimental

Materials
Alkylsilanes (trimethylchlorosilane (C1), butyldimethylchlorosilane (C4), and dodecyldimethylchlorosilane (C12)) were purchased from Azmax Inc. (Chiba, Japan). Cetyltrimethylammonium bromide (CTAB) was purchased from Tokyo Chemical Industries, Ltd. (Tokyo, Japan). Other reagents for the synthesis and modification of the NAM were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Tris(2,2′-bipyridyl)dichlororuthenium(II) hexahydrate was purchased from Sigma-Aldrich Japan (Tokyo, Japan). All organic solvents (UF grade, Nacalai Tesque, Inc., Tokyo, Japan) were used as-received.
Preparation and characterization of alkylsilane-modified NAMs
The details of the preparation of the NAM were described previously. 7 In brief, an acidic precursor solution containing CTAB and tetraethoxysilane (TEOS) was dropped onto an alumina membrane (average pore diameter = 200 nm, effective membrane diameter = 1.9 cm) purchased from Whatman International Ltd. (UK), which was set in an ordinary membrane filtration apparatus. Moderate aspiration was applied so that the precursor solution penetrated into the columnar alumina pores. The alumina membrane including the precursor solution was then dried in air at room temperature. The NAM was further dried under vacuum, and the assembly of surfactant-templated silica-nanochannels was formed inside the columnar alumina pores.
The modification of the NAM with alkylsilanes was performed according to the literature 23 with some modifications. Two samples of the as-synthesized NAMs were immersed in a mixture of 8 ml dry toluene and 2 ml alkylsilane solution, and heated under reflux for 36 h. The temperature was 110˚C for the modification with C4 and C12, and was 60˚C for C1. Subsequently, dry pyridine (5 ml) was added to the reaction solution and the reflux was continued for 18 h. After reflux, dry ethanol was added to deactivate any remaining alkylsilanes. The modified-NAMs were carefully rinsed with dry heptane and dry ethanol several times, and finally dried under vacuum for 2 h. Hereafter, we call the NAMs modified with C1, C4, and C12, as C1-NAM, C4-NAM, and C12-NAM, respectively ( Fig.  1(b) ). When attention is paid to diffusion in the nanochannels instead of the membrane as a whole, we call the alkylsilanemodified silica-nanochannels within C1-, C4-, and C12-NAMs as C1S-, C4S-, and C12S-nanochannels.
The carbon and nitrogen contents in the modified-NAMs were evaluated by elemental analysis. Nitrogen adsorption and desorption isotherms were measured on a Micrometrics ASAP 2020 instrument.
In the isotherm measurements, both unmodified-NAM and modified-NAMs were calcined to 1502 ANALYTICAL SCIENCES DECEMBER 2006, VOL. 22 remove organic groups (surfactant or alkylsilane) inside the silica-nanochannel. The length of the silica-nanochannel was evaluated by a scanning electron microscopy (SEM) observation using Field-Emission SEM (Hitachi S-4300). After completely etching of the alumina matrix by immersing the NAM in a 10 wt% phosphoric acid solution, 7 the assemblies of silica-nanochannels formed inside the columnar alumina pores were collected by filtration and used for the SEM observation.
Measurement of lag-time
The measurement of the lag-time was performed using an Htype cell (Fig. 2) . A modified-NAM sample was set between two square cells using Viton ® rubber sheets with a window. A pure solvent was pored in one square cell (receiver cell), and a solution containing Ru(bpy)3Cl2 was pored in the other cell (feed cell). In this study, the same organic solvent was used to prepare both the receiver and feed solutions. The concentration of Ru(bpy)3Cl2 in the feed cell was 0.1 mM. Both receiver and feed phases were stirred during transport experiments by magnetic stirrers. A small portion of the solution was taken from the receiver cell and was used to measure the absorption spectrum. 24 After the spectral measurement, this portion of solution was returned to the receiver cell. The absorption spectrum of the ruthenium complex was recorded on a UV-Vis spectrophotometer (JASCO V-570), and the amount of ruthenium complex transported was analyzed by the increase in the absorbance of the ruthenium complex. All measurements were performed at 25˚C. The lag-time measurement was repeated at least three times to confirm its reproducibility.
Results and Discussion
Characterization of the alkylsilane-modified NAMs
The nitrogen adsorption and desorption isotherms of unmodified-and modified-NAMs after calcination are classified as a type-IV isotherm, which is often observed in CTABtemplated mesoporous silica materials, 25, 26 and are similar to those we reported previously. 7 The structural parameters analyzed by the isotherms are summarized in Table 1 . The diameter of the silica-nanochannels was estimated based on Barret-Joyner-Halenda (BJH) analysis. The average channel diameter for the unmodified-NAM (3.4 nm) agrees well with our previous result (3.4 ± 0.2 nm) 7 . The BET surface areas and average channel diameters of the modified-NAMs are slightly smaller than those of the unmodified-NAM. These smaller values are due to the additional silicate layer formed by the chemical immobilization of alkylsilanes, because their immobilization leads to the formation of Si-O bonds at the inner wall of the silica-nanochannels and the Si-O bonds remain after calcination.
The nitrogen adsorption and desorption measurements indicate that the mesostructure of the silicananochannels is maintained during the modification process.
Nitrogen was not detected for any modified-NAMs in the elemental analysis. This result indicates that the template surfactants are removed during the modification and/or the rinsing processes, because the presence of nitrogen is directly related to the un-removed template surfactant (CTAB). Hence, the carbon content derived from the elemental analysis was used for the estimation of the surface density of alkylsilane immobilized at the inner wall of the silica-nanochannel. The amount of alkylsilane per 1 g (Ms/mol g -1 ) of the modified-NAM is described as follows:
where CC and n are the carbon content (%) and the number of carbon atoms in a single alkylsilane group, respectively. Since the weight of the total alkylsilane group (Si-CnH(2n+1)) per 1 g of the modified-NAM is Ms × Fs, where Fs is formula weight of the alkylsilane group, the amount of the alkylsilane (M′s/mol g -1 ) per 1 g of the unmodified-NAM after calcination can be expressed as follows:
The immobilization of alkylsilane results in the subtraction of an H atom from a surface silanol group at the inner wall of the silica-nanochannel. However, the contribution of the subtraction of an H atom is ignored in Eq. (3), because the atomic weight of the H atom is much smaller than the formula weight of alkylsilanes. Finally, the surface density of the alkylsilane group (Sdensity/molecules nm -2 ) at the inner wall of the silica-nanochannel can be expressed as follows:
where NA and ABET are the Avogadro constant and the BET surface area of the NAM (90 × 10 18 nm 2 g -1 ). The results are summarized in Table 1 . The surface density of trimethylchlorosilane (C1) has been studied by many researchers and was reported as 2 -3 molecules/nm 2 at the maximum density. [27] [28] [29] [30] [31] Hence, the estimated surface density of C1, 3.0 molecules/nm 2 , suggests that a densely packed layer of C1 is formed at the inner wall of the silica-nanochannel. In Table 1 , it is shown that the surface density is not so high for C4 and C12, which have a longer chain of an alkyl group than C1.
Estimation of the porosity of the NAM
To estimate the apparent diffusion coefficient using Eq. (1), the length of the silica-nanochannel and the porosity of the NAM should be evaluated. The average length of the silicananochannels was estimated from SEM measurements. As shown in a typical SEM image (Fig. 3(b) ), the columnar structures composed of the surfactant-templated silicananochannels are formed inside the alumina pores, and the length of the columnar structure is 50 μm (Fig. 3(c) ). Since the direction of the silica-nanochannels in the columnar structures is predominantly oriented to the long axis of the columnar structure, the length of the silica-nanochannel is determined to be 50 μm.
The surfactant-templated silica-nanochannels are formed in the columnar alumina pores (Fig. 3(b) ), whereas no significant structure is formed at the surface of the alumina membrane (Fig.  3(c) ). The silica-nanochannels are oriented along the wall of the columnar alumina pores as schematically shown in Fig. 1 . Hence, the porosity can be defined by the ratio of the total area of the openings of the silica-nanochannels at the membrane surface and the area of the membrane. Using an imageprocessing software (WinRoof, Mitani Co. Ltd., Japan), the porosity of the alumina membrane was examined by analyzing the SEM image of the membrane surface and the porosity was estimated as 0.4. Hence, the porosity of the NAM is expected to be less than 0.4.
Using the BET surface area (ABET/m 2 g -1 ) and the average channel diameter (d/m) of the NAMs after calcination, the total length (Ltot/m) of the silica-nanochannels within the NAM is expressed by
where WNAM (g) is the weight of one NAM sample after calcination. By assuming the length of the individual silicananochannel to be 50 μm, the number of silica-nanochannels in one NAM sample is calculated by dividing the Ltot by 50 μm, and the porosity of the modified-NAM can be described by
where r = d/2, and ANAM is the surface area derived from the diameter of the alumina membrane. The porosity can be calculated by Eqs. (5) and (6) using ABET = 90 m 2 g -1 , d = 3.4 × 10 -9 m ( Table 1 ). The weight of one NAM sample is 30 mg, and ANAM is π × 0.0095 2 (m 2 ). Accordingly, the porosity of the NAM can be estimated as 0.16.
Diffusivity of [Ru(bpy)3] 2+ within the alkylsilane-modified silica nanochannels
To estimate the diffusion coefficient within the membrane by measuring the lag-time, the following requirements on the concentration of [Ru(bpy)3] 2+ in solution phases should be taken into account: (1) the concentration in the feed phase is constant during the experiment; and (2) the concentration in the receiver phase is approximately zero. 15 Under the present experimental conditions, these requirements were fulfilled. Figure 4 shows typical absorption spectra of solutions in the feed and the receiver phases. The absorption spectra of the feed phase are almost the same before/after the measurement of the lag-time (Fig. 4(a) ), indicating that the concentration of [Ru(bpy)3] 2+ in the feed phase is approximately constant. In the receiver phase (Fig. 4(b) ), the absorption band of [Ru(bpy)3] 2+ increases with time, but its intensity is 0.001 times or less smaller than that observed in the feed phase. Accordingly, the concentration of [Ru(bpy)3] 2+ in the receiver phase can be regarded as zero compared to the feed phase. of [Ru(bpy)3] 2+ across the modified-NAMs (C1-NAM, C4-NAM, C12-NAM) when ethanol is used as a solvent. Lag-times can be recognized for C1-NAM (53 ± 3 min) and C4-NAM (35 ± 8 min), whereas the lag-time is nearly zero for the C12-NAM considering the experimental error. Since no significant lagtime is observed when an alumina membrane without silicananochannels in the alumina pores is used instead of the modified-NAMs, the diffusion inside the silica-nanochannels is mainly responsible for the measured lag-times for the modifiedNAMs. By using the length of the silica-nanochannel (50 μm) and the porosity (0.16) of the NAM, the apparent diffusion coefficients of [Ru(bpy)3] 2+ can be estimated from the measured lag-times according to Eq. (1), and their values are (2.1 ± 0.1)× 10 -10 cm 2 s -1 for C1-NAM and (3.2 ± 0.7)× 10 -10 cm 2 s -1 for C4-NAM. The nearly zero value of the lag-time for C12-NAM indicates that the apparent diffusion coefficient of [Ru(bpy)3] 2+ for C12-NAM is much larger than those for C1-NAM and C4-NAM. Considering the present experimental error, the apparent diffusion coefficient of [Ru(bpy)3] 2+ for C12-NAM will be larger than 1 × 10 -8 cm 2 s -1 . Thus, two remarkable phenomena are found concerning the diffusivity of [Ru(bpy)3] 2+ in the alkylsilane-modified silica-nanochannels.
The diffusion coefficients of [Ru(bpy)3] 2+ in the C1S-and C4S-nanochannels are about four orders of magnitude smaller than those reported in bulk solution phases (∼10 -6 cm 2 s -1 ). [32] [33] [34] The diffusion coefficient in the C12S-nanochannel is at least two orders of magnitude larger than those for the C1S-and C4S-nanochannels.
First, we discuss the slow diffusivities of [Ru(bpy)3] 2+ in the C1S-and C4S-nanochannels. From the surface densities of the alkylsilanes (Table 1) , the distance between the alkylsilane groups can be calculated as 1.7 nm (C1), 1.5 nm (C4), and 1.3 nm (C12). By considering these distances, the length of the alkyl chain for each alkylsilane, and the diameter of the silicananochannel (3.4 nm), the alkylsilane-modified silicananochannels can be schematically illustrated as shown in Fig.  1 . The length of alkyl chains of the C1 and C4 groups are much smaller than the radius (1.7 nm) of the silica-nanochannel, whereas the length of the long alkyl chain of C12 is comparable to the radius of the silica-nanochannel. As a result, the C1S-and C4S-nanochannels can have central cavities surrounded by C1 and C4 layers. In contrast, the central cavity is small or has vanished in the C12S-nanochannel due to the long alkyl chain of C12. The ethanol molecules are expected to locate predominantly in the central cavity, which might be the cause of the slow diffusivities found for the C1S-and C4S-nanochannels.
In the X-ray scattering study on methanol confined in mesoporous silica prepared by a surfactant-templated method, it was proposed that methanol molecules within a silica-mesopore formed a surface methanol layer, which strongly bound to the silanol groups at the silica surface, and a hydrogen-bonded structure of methanol molecules was formed at the central part of the silica-mesopore. 18(c) On the other hand, it can be considered that the C1 and C4 groups are densely immobilized, judging from the surface densities of C1 and C4 (3.0 and 2.4 molecules nm -2 ) and the surface density of surface silanol groups (3 -4 groups nm -2 ) 35 in surfactant-templated mesoporous silica prepared by an acidic precursor. Accordingly, binding of ethanol molecules with the surface silanol groups hardly occurs, and the ethanol molecules are considered to locate predominantly in the central cavities of the C1S-and C4S-nanochannels. The ethanol molecules can interact with each other by both a hydrogen-bonding interaction between OH groups and the van der Waals interaction between ethyl groups. If these intermolecular interactions in the central cavity are stronger than those in bulk ethanol, the viscosity of ethanol confined in the alkylsilane-modified silica-nanochannels would be higher than that in bulk ethanol.
To examine the viscosity of ethanol, the lag-times were measured in various organic solvents having different viscosities. The viscosities of the solvents in the bulk phases are 0.325 cP for acetonitrile (30˚C), 0.5525 cP for methanol (25˚C), 1.06 cP for ethanol (25˚C), and 1.996 cP for dimethylsulfoxide (25˚C). 36 The simple Stokes-Einstein model indicates that the diffusion coefficient of [Ru(bpy)3] 2+ is inversely proportional to the solvent viscosity. If the viscosity of solvent confined in the alkylsilane-modified silicananochannel is the same as that in a bulk phase, the lag-time should be proportional to the solvent viscosity. The observed lag-times are summarized in Table 2 . In C1-NAM, the lag-time is nearly zero for acetonitrile and methanol. Significant lagtimes are observed for ethanol and dimethylsulfoxide (DMSO), whereas the lag-time for ethanol is about two-times larger than that for DMSO. In C4-NAM, the lag-time is nearly zero for acetonitrile and DMSO, whereas significant lag-times are 1505 ANALYTICAL SCIENCES DECEMBER 2006, VOL. 22 2+ across the modified-NAMs using ethanol as a solvent in the feed and the receiver phases. observed for methanol and ethanol. Thus, the lag-time is not proportional to the viscosity of bulk solvent, and the lag-time tends to be larger for protic solvents (methanol and ethanol) than with aprotic solvents (acetonitrile and DMSO). Based on the simple Stokes-Einstein model, these results indicate that the viscosity of protic solvents is larger than that of aprotic solvents. The van der Waals interaction between alkyl chains of the alcohol molecules in the nanochannels would also be concerned with the viscosity considering a model proposed for the structure of methanol confined in mesoporous silica, 18(c) and it might be the cause of the difference in lag-times found for ethanol and methanol.
However, the hydrogen-bonding interaction can be considered to play a critical role for the slow diffusivity of [Ru(bpy)3] 2+ because of the larger lag-times observed in protic solvents. Thus, the solvent dependency of the diffusivity of [Ru(bpy)3] 2+ in C1-NAM and C4-NAM indicates that the intermolecular interaction of the solvent molecules, particularly the hydrogen-bonding interaction, which is stronger in the central cavity than in a bulk solution phase, is responsible for the slow diffusivity of [Ru(bpy)3] 2+ .
The lag-time experiments using ethanol solvent reveal that the diffusion coefficient in the C12S-nanochannel is at least two orders of magnitude larger than those in the C1S-and C4S-nanochannels (Fig. 5) . The presence of the long alkyl chain of C12 causes the faster diffusion of [Ru(bpy)3] 2+ . The following reasons are considered for a possible explanation of the relatively fast diffusivity in the C12S-nanochannel. Since the amount of CH2 groups inside the silica-nanochannel of C12-NAM is larger than that of C1-NAM and C4-NAM (Table 1) , the amount of ethanol molecules in the C12S-nanochannel is smaller than those in the C1S-and C4S-nanochannels. As discussed in the previous section, the hydrogen-bonding interaction between ethanol molecules can significantly hinder the diffusivity of [Ru(bpy)3] 2+ . Hence, the smaller amount of ethanol molecules results in lowering the hindrance effect originating in the hydrogen bonding of ethanol molecules, and the relatively fast diffusivity of [Ru(bpy)3] 2+ in the C12S-nanochannel. The long alkyl chain of C12 can also hinder the diffusion of [Ru(bpy)3] 2+ , but its effect would be smaller than the hydrogen-bonding interaction. On the other hand, the central cavity in the C12S-nanochannel is small or vanishes in the presence of the long alkyl chains of C12 (Fig. 1) , suggesting that the ethanol molecules cannot be condensed in the central cavity but are dispersed into the layer of the long alkyl chains of C12. Hence, it can also be considered that the hydrogenbonding interaction between ethanol molecules is disrupted by the long alkyl chains of C12, and this disruption may also cause the smaller hindrance effect originating in the hydrogenbonding interaction.
Conclusion
In this study, the apparent diffusion coefficients of [Ru(bpy)3] 2+ inside the alkylsilane-modified silica-nanochannel were estimated by analyzing the lag-time obtained for the transport of [Ru(bpy)3] 2+ across an alumina membrane containing alkylsilane-modified silica-nanochannels. The following results were obtained.
The apparent diffusion coefficients of [Ru(bpy)3] 2+ were estimated as (2.1 ± 0.1)× 10 -10 and (3.2 ± 0.7)× 10 -10 cm 2 s -1 in the C1S-and C4S-nanochannels, respectively, when ethanol was used as a solvent. These values are four orders of magnitude smaller than those reported for several bulk solution phases. In contrast, the apparent diffusion coefficient in the C12S-nanochannel was smaller by at least two orders of magnitude than those in the C1S-and C4S-nanochannels. On the basis of experimental results on the surface density of alkylsilanes and the solvent dependency of the lag-times, the hydrogen-bonding interaction between ethanol molecules was considered to be stronger in the central cavity than in bulk ethanol, and the hydrogen-bonding interaction was responsible for the slow diffusivity inside the alkylsilane-modified silica-nanochannels. The relatively fast diffusion in the C12S-nanochannel was most likely explained by the presence of the long alkyl chain of C12, which reduces the hindrance effect that originated in the hydrogen bonding interaction.
The present study revealed that the apparent diffusion coefficients in the C1S-and C4S-nanochannels are four orders of magnitude smaller than those in several bulk solution phases. The apparent diffusion coefficients of molecules inside alkylsilane-modified nanopores have been reported for several systems: phenol derivatives permeated into octadecyltrimethoxysilane-modified alumina pores with ca. 200 nm in diameter from the aqueous phases (10 -8 to 10 -6 cm 2 s -1 ) 12 and Phenol Blue extracted in octadecylsilyl-modified silica gel (pore diameter, 12 nm) from the water/acetonitrile mixtures (10 -11 to 10 -8 cm 2 s -1 ). 37 These values are also smaller than those in the bulk solution phases. These slow diffusivities are important aspects to consider in applications of a nanopore membrane modified with an alkylsilane as a nanofluidic system.
